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The mitochondrial fission receptor Mff selectively 
recruits oligomerized Drp1
Raymond Liu and David C. Chan
Division of Biology and Biological Engineering, California Institute of Technology, Pasadena, CA 91125
ABSTRACT Dynamin-related protein 1 (Drp1) is the GTP-hydrolyzing mechanoenzyme that 
catalyzes mitochondrial fission in the cell. Residing in the cytosol as dimers and tetramers, 
Drp1 is recruited by receptors on the mitochondrial outer membrane, where it further as-
sembles into a helical ring that drives division via GTP-dependent constriction. The Drp1 re-
ceptor Mff is a major regulator of mitochondrial fission, and its overexpression results in in-
creased fission. In contrast, the alternative Drp1 receptors MiD51 and MiD49 appear to 
recruit inactive forms of Drp1, because their overexpression inhibits fission. Using genetic 
and biochemical assays, we studied the interaction of Drp1 with Mff. We show that the insert 
B region of Drp1 inhibits Mff–Drp1 interactions, such that recombinant Drp1 mutants lacking 
insert B form a stable complex with Mff. Mff cannot bind to assembly-deficient mutants of 
Drp1, suggesting that Mff selectively interacts with higher-order complexes of Drp1. In con-
trast, the alternative Drp1 receptors MiD51 and MiD49 can recruit Drp1 dimers. Therefore 
Drp1 recruitment by Mff versus MiD51 and MiD49 may result in different outcomes because 
they recruit different subpopulations of Drp1 from the cytosol.
INTRODUCTION
Mitochondria are dynamic organelles that continuously undergo 
regulated cycles of fission and fusion. These processes are essential 
for maintaining mitochondrial health and function and have impor-
tant roles in mitochondrial DNA stability and inheritance, respiratory 
capacity, apoptosis, and mitophagy (Westermann, 2010; Chan, 
2012; Youle and van der Bliek, 2012). Fission is mediated by dyna-
min-related protein 1 (Drp1), a member of the dynamin superfamily 
of GTPases (Smirnova et al., 2001). Like dynamin, Drp1 is a mecha-
noenzyme that has the capacity to self-assemble into oligomeric 
complexes that have enhanced GTP hydrolysis activity (Ferguson 
and De Camilli, 2012). In the cell, much of Drp1 resides in the cyto-
sol, but it can be recruited to mitochondria via receptors anchored 
to the mitochondrial outer membrane (Loson et al., 2013). Once 
recruited, Drp1 further assembles around the mitochondrial tubule 
to form an oligomeric ring that constricts and divides the mitochon-
drion in a GTP-dependent process (Ingerman et al., 2005; Mears 
et al., 2011). Mutation of Drp1 blocks mitochondrial fission, resulting 
in elongated mitochondrial networks due to unopposed mitochon-
drial fusion (Smirnova et al., 2001). This cellular defect causes devel-
opmental lethality in mice and multisystem disease in humans 
(Waterham et al., 2007; Ishihara et al., 2009; Wakabayashi et al., 
2009).
Four receptors have been identified that recruit Drp1 to mito-
chondria: mitochondrial fission 1 protein (Fis1), mitochondrial fission 
factor (Mff), and mitochondrial dynamics proteins of 49 and 51 kDa 
(MiD49 and MiD51, respectively; Yoon et al., 2003; Gandre-Babbe 
and van der Bliek, 2008; Palmer et al., 2011; Zhao et al., 2011). Fis1, 
the first identified candidate receptor, has a minor role in Drp1 re-
cruitment (Otera et al., 2010; Loson et al., 2013), and recent results 
suggest instead a role in mitophagy (Shen et al., 2014; Yamano 
et al., 2014). There is good evidence that the last three molecules 
are each capable of recruiting Drp1, as the loss of any of these re-
ceptors results in reduced Drp1 accumulation on mitochondria and 
increased mitochondrial tubule length (Palmer et al., 2011; Loson 
et al., 2013; Palmer et al., 2013). Mff appears to be the primary re-
ceptor. Loss of Mff results in the greatest reduction of fission in 
mouse embryonic fibroblasts, whereas overexpression causes mito-
chondrial fragmentation consistent with increased fission rates 
(Otera et al., 2010; Loson et al., 2013). MiD51 and MiD49 both 
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transmembrane segment (Figure 1A) resulted in autoactivation 
(Supplemental Figure S2A). We reasoned that the acidic coiled-coil 
domain might be responsible and deleted it to generate three 
MffΔCC baits based on splice variants 1, 3, and 4 (RefSeq 
NP_083685.2, NP_001297626.1, and NP_001297628.1, respec-
tively) reported previously (Gandre-Babbe and van der Bliek, 2008; 
Figure 1, A and B). Isoform 4 (Mff4ΔCC), the shortest construct, 
showed the most robust interaction, followed by isoform 3 
(Mff3ΔCC) and then isoform 1 (Mff1ΔCC). To determine the minimal 
Mff region sufficient for recruiting Drp1, we made sequential C-ter-
minal truncations of Mff and tested them against Drp1. Truncations 
that ended within the predicted disordered region retained binding, 
whereas truncations that deleted the R3 domain resulted in com-
plete loss of recruitment (Figure 1C). Thus, the N-terminal Mff re-
gion containing the three conserved R1–R3 motifs appeared suffi-
cient for Drp1 binding. These results are consistent with experiments 
in cell culture indicating that R1 and R2 of Mff are essential for Drp1 
recruitment (Otera et al., 2010).
We similarly used the yeast two-hybrid assay to identify the Mff-
interacting regions of Drp1. Structurally, Drp1 consists of four main 
domains: the GTPase domain, the bundle signaling element (BSE), 
the stalk region, and the insert B (IB) region (Figure 1D; Schmid and 
Frolov, 2011; Ferguson and De Camilli, 2012; Frohlich et al., 2013; 
Wenger et al., 2013). We tested the ability of Mff to recruit Drp1 
constructs containing deletions of one or more of these domains 
(Figure 1E). Deleting the GTPase domain (ΔG) reduced the interac-
tion between Mff1ΔCC and Drp1 and between Mff3ΔCC and Drp1 
but did not appreciably affect recruitment by Mff4ΔCC or smaller 
constructs. This suggests that the GTPase domain promotes but is 
not required for Drp1 interaction with Mff. Drp1 constructs lacking 
the insert B domain (ΔIB), on the other hand, enhanced the interac-
tion between Drp1 and Mff. The formerly weak recruitment by Mff 
isoforms 1 and 3 were now more robust, and new additional interac-
tions between Drp1 and Mff fragments 1–100, 1–61, and 1–50 
(weakly) were now detected. These data suggest that the insert B 
domain is dispensable for the Drp1–Mff interaction and is in fact in-
hibitory. Removing the GTPase, BSE, and insert B domains (to gen-
erate the stalk alone) did not greatly alter Drp1 interaction with Mff 
relative to Drp1ΔIB alone. The interaction data therefore suggest 
that the minimal regions required for the Drp1–Mff interaction are 
the Mff R1 and R2 motifs and the Drp1 stalk domain.
Removing insert B from Drp1 stabilizes the Drp1–Mff 
interaction in vitro
The results from our two-hybrid analysis strongly suggest that the 
insert B region inhibits the interaction of Drp1 with Mff. Because 
previous efforts to demonstrate binding between Drp1 and Mff in 
vitro required cross-linking (Otera et al., 2010; Strack and Cribbs, 
2012; Frohlich et al., 2013), we wondered whether removing the in-
sert B region might stabilize the Drp1–Mff complex. To test this idea, 
we constructed a glutathione S-transferase (GST) fusion protein con-
taining the N-terminal 61 residues of Mff (the minimal binding frag-
ment) and assayed its ability to bind full-length Drp1 or Drp1ΔIB in 
a GST pull-down assay (Figure 2A). Whereas full-length Drp1 weakly 
coimmunoprecipitated, Drp1ΔIB showed efficient coassociation 
with Mff, suggesting substantial stabilization of binding. The insert B 
domain of Drp1 therefore inhibits formation of a stable Drp1–Mff 
interaction.
We further tested whether the Mff truncations examined in the 
yeast two-hybrid assay could similarly interact with Drp1 and 
Drp1ΔIB in the assay. Consistent with previous reports, we found 
poor binding between full-length Drp1 and the Mff constructs, even 
strongly recruit Drp1 and are associated with endoplasmic reticu-
lum–mitochondria contact sites (Zhao et al., 2011; Koirala et al., 
2013; Palmer et al., 2013; Elgass et al., 2015). However, in contrast 
to Mff, overexpression of MiD51 or MiD49 paradoxically results in 
mitochondrial elongation and inhibition of fission, presumably be-
cause they recruit an inactive form of Drp1 (Loson et al., 2013; 
Palmer et al., 2013).
An important issue is why Mff shows a different cellular behavior 
than MiD51 and MiD49. A route to addressing this issue is to exam-
ine the physical interaction between Drp1 and its receptors in vitro. 
However, such physical interactions have only been detected using 
cross-linking reagents, suggesting that the Drp1-receptor interac-
tions are of low affinity or transient (Otera et al., 2010; Strack and 
Cribbs, 2012). In yeast, the interaction between Dnm1 (the yeast 
orthologue of Drp1) and its receptor, Mdv1, is much more stable 
and has been linked to the insert B domain, which associates with 
the B-propeller domain of Mdv1 (Bui et al., 2012). In mammals, the 
analogous insert B domain is a largely unstructured domain that is 
targeted for control by posttranslational modifications and interacts 
with cardiolipin to associate Drp1 with lipid membranes (Chang and 
Blackstone, 2010; Frohlich et al., 2013; Bustillo-Zabalbeitia et al., 
2014; Stepanyants et al., 2015). Studies show that this domain is 
dispensable for Drp1 hydrolysis, membrane constriction, and mito-
chondrial recruitment (Strack and Cribbs, 2012; Francy et al., 2015). 
These results imply that in mammals, the Drp1–receptor interaction 
is not mediated through the insert B domain.
In this study, we examine the interaction between Drp1 and Mff 
to gain mechanistic insight into Drp1 recruitment. Using a yeast two-
hybrid assay, we identify minimal interacting regions on both Mff 
and Drp1, with a short N-terminal fragment of Mff being sufficient to 
bind the Drp1 stalk domain. We find that removal of the insert B 
domain from Drp1 greatly enhances the Drp1–Mff interaction, re-
sulting in a stable complex in vitro in the absence of cross-linkers. 
Using a mutational screen, we identify mutants of Drp1 that specifi-
cally abolish recruitment via Mff but not MiD51. Analysis of these 
mutants indicates that Drp1 oligomerization is required for Mff, but 
not MiD51 or MiD49, to physically associate with Drp1. Taken to-
gether, the results suggest that the robust fission activity of Mff 
stems from its ability to selectively recruit oligomerized Drp1 to the 
mitochondrial surface.
RESULTS
The Mff N-terminal region and the Drp1 stalk form the core 
interaction unit
To interrogate the Drp1–Mff interaction, we first sought to deter-
mine the minimal region of Mff necessary for binding Drp1. Com-
paring the polypeptide sequence of Mff from the human, mouse, 
fish, frog, and fly orthologues, we find several notable features 
(Supplemental Figure S1A). At the N-terminus, there are two repeat 
motifs (R1 and R2) that are required for recruiting Drp1 (Otera et al., 
2010), as well as a third conserved motif (R3) that has no proposed 
function. Beyond R1–R3, there is a disordered region (Supplemental 
Figure S1B), followed by a conserved coiled-coil (CC) domain re-
quired for dimerization and a C-terminal transmembrane domain 
(TM). Previous assays examining the Drp1–Mff interaction were 
hampered by the apparent transience or instability of the complex, 
and therefore its detection required stabilization by cross-linking 
agents (Gandre-Babbe and van der Bliek, 2008; Otera et al., 2010; 
Strack and Cribbs, 2012). To detect this transient/unstable complex 
in the absence of cross-linkers, we developed a yeast two-hybrid 
interaction assay that allowed us to examine Drp1 recruitment by 
Mff. Initial attempts with an Mff bait truncated just N-terminal to the 
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To determine the identity of this size-shifted 
species, we collected and analyzed the frac-
tions from the size exclusion chromatogra-
phy (SEC) runs and found that fractions cor-
responding to the new peak contained both 
Drp1ΔIB and Mff(1-61)–GST (Figure 2D), 
suggesting that Drp1ΔIB and Mff(1-61)–GST 
are comigrating as a complex.
Identification of Drp1 mutants that 
have selective loss of Mff versus 
MiD51 binding
The identification of the stalk region of Drp1 
as the Mff-interaction domain provided us 
with a smaller target for determining the in-
teracting residues on Drp1. We previously 
used a mutation screening strategy to iden-
tify a Drp1-interacting loop on MiD51 (Loson 
et al., 2014). Similarly, we tested a series of 
Drp1 mutants for interactions with Mff in our 
yeast two-hybrid assay. The screening con-
siderations were as follows: 1) we limited our 
mutations to surface-exposed residues of 
Drp1 with low homology to dynamin 2, as 
reasoned by the lack of an Mff interaction 
with dynamin 2 in our yeast two-hybrid assay 
(Supplemental Figure S2C); 2) we used two 
Mff constructs of various binding efficiency 
(Figure 1A) as baits to provide additional 
sensitivity for the screen; 3) because previ-
ous studies indicated that the yeast two-hy-
brid assay provides a readout of Drp1 oligo-
merization (Naylor et al., 2006; Chang et al., 
2010), we included a Drp1 bait to obtain in-
formation about the oligomerization activity 
of the Drp1 mutants; and 4) because Mff-
specific mutants were desired, we included 
MiD51 as a bait to screen against Drp1 mu-
tants that also affected MiD51 binding.
We assayed 42 Drp1 mutants (Figure 3A 
and Supplemental Table S1) for binding to 
the Mff, Drp1, and MiD51 baits. Several in-
teresting patterns emerged from the screen. 
All mutants that affected Drp1 oligomeriza-
tion, as interpreted by loss of interaction with 
the Drp1 bait, also abolished binding to Mff 
(Figure 3A, mutants 8, 9, 15, 18, and 20). In 
contrast, some of these mutants retained MiD51 binding (mutants 9 
and 15). Loss of Drp1 oligomerization therefore correlates tightly with 
loss of Mff binding but not MiD51 binding. In addition, we recovered 
several Drp1 mutants that failed to bind Mff but retained binding to 
both Drp1 and MiD51. We chose six for further study (mutants 10, 
13, 16, 17, 22, and 28) and introduced them into a Drp1ΔIB back-
ground to test whether removing the insert B domain could rescue 
the loss of binding (Figure 3B). In three of six mutants, we found re-
covery of interaction with Mff, consistent with the notion that the in-
sert B domain is inhibitory to the interaction. This secondary screen 
left us with three mutants that we interpret as bona fide Mff-binding 
mutants for further characterization (Figure 3C). We tested the three 
mutants in our in vitro interaction assays to validate the results of the 
yeast two-hybrid assay. Whereas wild-type Drp1ΔIB binds robustly to 
Mff(1-61), all three mutants (in the context of Drp1ΔIB) failed to 
though such constructs show interaction in the two-hybrid assay 
(Figure 2B, top). In contrast, Drp1ΔIB showed robust association 
with Mff(1-61) and Mff(1-50) and less binding to longer constructs 
(Figure 2B, bottom). The larger number of interactions detected 
with the two-hybrid assay is consistent with the idea that the two-
hybrid assay can detect weak or transient interactions (Van Criekinge 
and Beyaert, 1999) that are missed by biochemical assays. The pull-
down results suggest that the strongest interacting pair is Drp1ΔIB 
and Mff(1-61). To test the stability of this interaction, we mixed 
Mff(1-61)–GST with Drp1ΔIB and analyzed the mixture on an analyti-
cal size-exclusion column to test for a complex (Figure 2C). Com-
pared to Drp1ΔIB or Mff(1-61)–GST alone samples (Figure 2C, left), 
the mixture showed a distinct peak migrating at a higher molecular 
weight, concomitant with a decrease in the peaks corresponding to 
individual Drp1ΔIB and Mff(1-61)–GST (Figure 2C, middle and right). 
FIGURE 1: The N-terminal region of Mff binds the Drp1 stalk domain. (A) Diagram of three 
Mff isoforms (top three lines) and key Mff constructs (bottom four lines) used in this study. 
(B) Interaction of Mff isoforms 1, 3, and 4 with Drp1 in the two-hybrid assay. Mouse Mff isoforms 
1, 3, and 4 with the coiled-coil domain deleted (ΔCC) were expressed from the pGBDU vector as 
GAL4 DNA-binding domain (BD) fusion proteins and tested against Drp1 expressed from the 
pGAD vector as GAL4 activation domain (AD) fusion proteins. For all two-hybrid assays in this 
study, growth on adenine-deficient plates indicates an interaction. The AD-only and BD-only 
samples are negative controls. (C) Deletion analysis of Mff. Mff fragments beginning from amino 
acid 1 to the number indicated above each column were expressed as BD fusion proteins and 
tested against Drp1 expressed as AD fusion proteins. Mff(1-110) is uninformative due to 
autoactivation (adenine-deficient plate shows growth with AD only). (D) Ribbon diagram of Drp1 
structure, from Protein Data Bank file 4BEJ. The major domains of Drp1 are highlighted. 
(E) Domain analysis of Drp1. Mff truncations were expressed as BD fusion proteins and tested 
against Drp1 truncations expressed as AD fusion proteins. ΔG, Drp1 minus the GTPase domain; 
ΔIB, Drp1 minus the insert B domain; FL, full-length Drp1; G + BSE domain, GTPase plus the 
BSE domain; stalk, Drp1 minus the GTPase, bundle signaling element (BSE), and insert B 
domains. The associated diploid selection plates are shown in Supplemental Figure S2.
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min (Figure 3C; Frohlich et al., 2013; Reubold et al., 2015). For these 
reasons, we considered the possibility that the yeast two-hybrid 
screen may not have provided a sufficiently stringent filter against 
oligomerization mutants. We therefore performed two indepen-
dent tests of oligomerization activity to assess the behavior of the 
mutants against that of wild type and a mutant termed 4A (the four 
residues 401GPRP404 mutated to AAAA) that forms dimers but 
cannot form tetramers or higher-order oligomers (Frohlich et al., 
2013). In a GTPγS-stimulated assembly assay, ∼50% of Drp1 sedi-
ments when incubated in 50 mM NaCl (Figure 7A). In contrast, the 
4A mutant is almost completely deficient in assembly and remains 
highly soluble. Mutants 16 and 17 sedimented substantially less 
than wild-type Drp1 but more than the dimeric 4A mutant. Mutant 
10 did not show a clear sedimentation defect. Under low-salt condi-
tions that promote oligomerization, SEC analysis of the mutants 
showed that mutants 10, 16, and 17 all migrated substantially more 
slowly than wild type, indicating a defect in forming higher-order 
oligomers (Figure 7B). Mutant 17 migrated similarly to the 4A mu-
tant, whereas mutants 10 and 16 showed a somewhat less pro-
nounced defect. Taken together, the results suggest that all three 
mutants can form dimers but are inefficient at further oligomeriza-
tion, although the defects are not as strong as for the canonical 4A 
oligomerization mutant.
If Drp1 oligomerization is necessary for Mff binding, then our 
model predicts that the 4A mutant would be unable to bind Mff. To 
test this, we examined the mutant in the yeast two-hybrid assay 
(Figure 7C), the GST pull-down assay (Figure 7D), and the complex 
formation assay (Figure 7E). Consistent with our model, the 4A 
mutant showed strong defects in Mff association in all assays. Of 
importance, the two-hybrid assay showed that 4A had normal bind-
ing to MiD51.
DISCUSSION
Mff is likely to be the major Drp1 receptor. Cells lacking Mff, com-
pared with the other receptors (Fis1, MiD51, MiD49), show the 
most highly elongated mitochondria (Otera et al., 2010; Loson 
et al., 2013). However, the lack of a stable interaction between the 
two proteins in vitro has been puzzling. Here, we show that recom-
binant Drp1 lacking the insert B region, unlike full-length Drp1, 
forms a stable complex with the N-terminal region of Mff. This ob-
servation indicates that insert B inhibits Drp1 binding to Mff. In 
contrast to the mammalian situation, insert B in yeast Dnm1 has 
been shown to promote binding to the Mdv1/Fis1 receptor com-
plex (Bui et al., 2012). It is tempting to speculate that the mam-
malian Drp1 insert B domain may regulate mitochondrial fission by 
dampening Drp1–Mff interactions until signals to activate fission 
are present. To understand this issue, it will be important to deter-
mine how the inhibitory effect of insert B on Mff binding is modu-
lated. Because insert B has been shown to interact with cardiolipin 
(Bustillo-Zabalbeitia et al., 2014; Macdonald et al., 2014; Ugarte-
Uribe et al., 2014; Stepanyants et al., 2015), the possible role of 
lipids in regulating Drp1–Mff interactions should be tested. In ad-
dition, it is interesting to note that insert B contains residues are 
targeted for phosphorylation and sumoylation (Figueroa-Romero 
et al., 2009; Chang and Blackstone, 2010). Phosphorylation of ser-
ine 616 in human Drp1 (corresponding to serine 579 in mouse 
Drp1) activates its fission activity (Taguchi et al., 2007; Kashatus 
et al., 2011). This serine residue resides in insert B, but phosphomi-
metic mutants of this residue do not increase the binding of full-
length Drp1 to Mff in vitro (Supplemental Figure S3).
Our analysis of Drp1 mutants that are deficient for Mff bind-
ing suggests that the oligomerization state of Drp1 is closely 
coprecipitate with Mff(1-61) by GST pull down (Figure 4A). Further-
more, by SEC analysis, these mutants showed loss of complex forma-
tion with Mff(1-61) (Figure 4B). Taken together, the data suggest that 
these mutants are indeed defective in Mff binding.
Drp1 mutants are defective for fission and mitochondrial 
recruitment and are specific to Mff versus MiD51 and MiD49
To assess the physiological function of these mutants, we expressed 
them in Drp1-null mouse embryonic fibroblasts (MEFs). Owing to 
loss of mitochondrial fission, Drp1-null MEFs have highly elongated 
and interconnected mitochondria. Reexpression of wild-type Drp1 
restores mitochondrial fission, resulting in shorter mitochondrial tu-
bules (Figure 5A). In contrast, expression of the three Drp1 mutants 
defective in Mff binding did not shorten the mitochondrial network, 
indicating that they are nonfunctional for fission (Figure 5A). To un-
derstand this defect, we assessed whether localization of the Drp1 
mutants to mitochondria was impaired. Because the strong cytosolic 
signal of overexpressed Drp1 obscured this analysis, we briefly 
permeabilized the cells with digitonin to remove soluble Drp1 be-
fore immunostaining. This treatment artifactually resulted in mito-
chondrial fragmentation but greatly improved the visualization of 
Drp1 complexes on the mitochondria (Figure 5B). In wild-type cells, 
there is a substantial amount of endogenous Drp1 localized to mito-
chondria. In Mff-null cells, there is little Drp1 on mitochondria, con-
sistent with its role as the major Drp1 recruiter (Otera et al., 2010; 
Loson et al., 2013). When wild-type Drp1 is expressed in Drp1-null 
cells, there is robust recruitment of Drp1 on the mitochondria 
(Figure 5B, magnification insets). In contrast, the three Mff-binding 
mutants show a major loss of Drp1 puncta on mitochondria (Figure 
5B, magnification insets). Mutant 17 appears to form aggregates in 
the cell, but the majority of these aggregates did not colocalize with 
mitochondria.
To determine whether these mutants are selectively defective for 
Mff binding, we tested their recruitment by ectopically targeted Mff, 
MiD51, and MiD49. FLAG-tagged versions of the three Drp1 recep-
tors were targeted to lysosomes by fusion to lysosomal-associated 
membrane protein 1 (LAMP1). These constructs were expressed in 
Drp1-null cells, and localization of wild-type Drp1 versus mutant 
Drp1 was assessed (Figure 6). When wild-type Drp1 was expressed, 
it was robustly recruited to FLAG-positive puncta in the Mff-, 
MiD51-, and MiD49-expressing cell lines (Figure 6A). When the 
three Drp1 mutants were expressed, they strongly localized to 
FLAG-positive puncta in the lysosome-targeted MiD51 and MiD49 
cell lines but not in the lysosome-targeted Mff cell line (Figure 6, 
B–D). Taken together, the data suggest that mutants 10, 16, and 17 
specifically disrupt the interaction of Drp1 with Mff but not MiD49 or 
MiD51 and that the major observed reduction of Drp1 puncta on 
mitochondria (Figure 5B) can be attributed specifically to loss of Mff-
mediated recruitment.
Oligomerization-dependent recruitment of Drp1 by Mff
In our two-hybrid screen for Drp1 mutants defective for Mff binding, 
we explicitly screened against mutants that had defects in oligo-
merization and ultimately recovered three mutants that fulfilled our 
criteria. However, the results from the screen suggested that Drp1 
oligomerization is tightly associated with its ability to bind Mff, as 
every Drp1 mutant defective in oligomerization is also deficient in 
Mff binding. We therefore wondered whether the identified mu-
tants (10, 16, and 17) might have a moderate oligomerization defect 
that was not detectable in the yeast two-hybrid assay. This concern 
was increased by the observation that the mutated residues are lo-
cated adjacent to known oligomerization loops for Drp1 and dyna-
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FIGURE 2: Mff61 and Drp1ΔIB form a stable complex. (A) GST pull-down assays for purified recombinant Drp1 
(full-length), Drp1ΔIB, or OPA1 vs. purified recombinant Mff61-GST (Mff fragment 1–61 fused C-terminally to GST) or 
T7-GST (T7tag fused to GST). Coomassie-stained bands of either the input protein (lanes 1–3) or eluates from the pull 
downs (lanes 4–9) after separation by SDS–PAGE. In lanes 4–9, the bottom row shows the isolated GST fusion proteins. 
The top row depicts the coimmunoprecipitated proteins. (B) GST pull-down assays for purified recombinant full-length 
Drp1 (top) or Drp1ΔIB (bottom) vs. purified recombinant Mff truncations. Coomassie-stained bands of the input 
Drp1ΔIB or full-length Drp1 proteins (lane 1) and eluates from the pull downs (lanes 2–7) after separation by SDS–PAGE. 
The Drp1ΔIB or Drp1 FL row depicts the respective proteins pulled down by the GST fusion proteins in the lower row. 
(C) SEC analyses of Drp1ΔIB and Mff61-GST. Left, ultraviolet (UV) absorbance profiles of elutions from SEC run of either 
Volume 26 December 1, 2015 Mff recruits Drp1 oligomers | 4471 
et al., 2013). Like the 4A mutant, mutants 10, 16, and 17 are all 
capable of forming dimers but are defective in formation of 
higher-order states. Therefore it appears that the Drp1 oligomeric 
state recruited by Mff is a tetramer or higher. In contrast, MiD51 
and MiD49 do not show this strong requirement for Drp1 
oligomerization.
Two general models can explain why Mff strongly prefers a 
higher-order state of Drp1. For simplicity in presenting the mod-
els, we assume that Mff binds to a Drp1 tetramer, although the 
linked to its interaction with Mff. In the cytosol, Drp1 exists in a 
dimer/tetramer/high-order equilibrium, with data supporting either 
tetramers or dimers as the predominant species (Zhu et al., 2004; 
Koirala et al., 2013; Macdonald et al., 2014). Our mutational screen 
shows that Mff is unable to stably associate with Drp1 that is oligo-
merization defective. Of importance, our mutations do not disrupt 
the Drp1 monomer:monomer interaction surface (termed “inter-
face 2”) in the stalk region that is important for formation of the 
cross-like stalk dimer (Ferguson and De Camilli, 2012; Frohlich 
FIGURE 3: Identification of Drp1 mutants that fail to bind Mff. (A) Screen of Drp1 mutants by the yeast two-hybrid 
assay. Full-length Drp1 and Drp1 mutants 1–42 (see Supplemental Table S1) were expressed as AD fusion proteins and 
tested against Mff104 (Mff fragment 1–104), Mff isoform 4 with its coiled-coil domain deleted (Mff4ΔCC), full-length 
Drp1, and MiD51 expressed as BD fusions. The adenine-deficient plates are shown. The associated diploid selection 
plates are shown in Supplemental Figure S2. Brackets indicate Drp1 mutants that did not interact with Mff, black 
asterisks denote Drp1 mutants that did not interact with Drp1 (indicating loss of oligomerization ability), and red 
asterisks denote the subset of Mff-binding–deficient mutants that were selected for further characterization. 
(B) Secondary screen for Drp1 mutants. The indicated Drp1 mutants were screened against full-length Drp1, Mff104, 
Mff4ΔCC, and Mff146 (Mff fragment 1–146). The Drp1 mutants were constructed in full-length Drp1 (FL) and Drp1ΔIB. 
The adenine-deficient plates are shown. The associated diploid selection plates are shown in Supplemental Figure S2. 
Mutants highlighted in red from the Drp1ΔIB assay were selected for further characterization. (C) Location of mutations 
10, 16, and 17 indicated on the structure of Drp1 (Protein Data Bank file 4BEJ). Loops implicated in higher-order 
assembly of Drp1 are marked.
purified recombinant Mff61-GST alone (red) or purified recombinant Drp1ΔIB alone (blue). Middle, UV absorbance 
profile of elutions from SEC run of Mff61-GST and Drp1ΔIB preincubated together for 1 h before loading overlaid on 
top of the profiles on the left. Arrowheads depict a loss of Mff61-GST and Drp1ΔIB UV signal in the mixed sample. The 
arrow depicts the formation of a new peak eluting at an earlier time, indicating the formation of higher–molecular 
weight species. Right, magnification of a portion of the middle graph to highlight the size-shifted species of the new 
peak (underneath the bracket) from the Mff61-GST + Drp1ΔIB run. (D) SDS–PAGE analysis of fractions collected from 
the SEC runs in C. Fractions from the times indicated at the top were collected from the SEC runs in C, resolved by 
SDS–PAGE, and Coomassie stained. Top, Drp1ΔIB bands from the Drp1ΔIB- only run; middle, Drp1ΔIB and Mff61-GST 
bands (arrows) from the combined run; bottom, Mff61-GST bands from the Mff61-GST–only run. The brackets highlight 
the presence of both Drp1ΔIB and Mff61-GST in the combined run not present in the individual runs, indicating a 
Drp1–Mff complex.
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Mff-binding unit consists of the Drp1 stalk, which contains the 
interfaces supporting Drp1 tetramerization (Frohlich et al., 2013; 
Francy et al., 2015; Reubold et al., 2015). Because Mff has a 
coiled-coil domain, it is also possible that Mff dimerization may 
facilitate formation of additional Drp1–Drp1 interactions. In 
yeast, Mdv1 functions to nucleate Dnm1 assembly (Lackner et al., 
2009).
In binding only to higher-order Drp1 oligomers, Mff differs strik-
ingly from MiD51 and MiD49. Our studies show that the last two 
proteins are still able to bind Drp1 mutants that can only form di-
mers. In this regard, the Drp1–MiD interaction resembles that of 
yeast Dnm1–Mdv1, which is not affected by oligomerization-defec-
tive mutations in Dnm1 (Ingerman et al., 2005; Bhar et al., 2006). 
These results underscore a major difference between Mff- and MiD-
mediated recruitment and may explain their distinct cellular effects. 
In cells, overexpressed Mff results in increased fission (Otera et al., 
2010). In contrast, overexpressed MiD51 or MiD49 results in high 
accumulation of Drp1 on mitochondria, but the net effect is reduced 
fission and mitochondrial elongation because the recruited Drp1 is 
inactive (Loson et al., 2013; Palmer et al., 2013). We speculate that 
by selectively recruiting the subpopulation of Drp1 that is oligo-
meric, Mff might be recruiting an active pool of Drp1 that is fission 
competent. In contrast, the MiDs appear to recruit an inactive Drp1 
population, including dimers, that requires an additional trigger be-
fore fission induction (Figure 7F).
MATERIALS AND METHODS
Cloning for protein expression
Mouse Drp1 isoform b (699 amino acids), Drp1ΔIB (1–513 fused to 
603–699), Drp1ΔIB 4A (401GPRP404 mutated to AAAA), and Drp1 
mutants 10, 16, and 17 (mutations described in Supplemental Table 
S1) were cloned into the NdeI and BamHI sites of a modified 
pET21b+ vector containing a downstream PreScission Protease 
cleavage site (EMD Millipore, Billerica, MA). Mouse Mff isoform 
4ΔCC, Mff(1-50), Mff(1-61), Mff(1-102), and Mff(1-146) were cloned 
into the NdeI and BamHI sites of a modified pET28a(+) vector con-
taining a downstream PreScission Protease cleavage site and GST tag 
(EMD Millipore). The parental vector, which produces a tagged GST, 
was used to express the T7-GST negative control used in GST pull-
down assays. OPA1 (262–1015, isoform 8), used as a negative control 
in GST pull-down assays, was cloned into a modified pET28a(+) vec-
tor with an upstream PreScission Protease site. Mutants were gener-
ated by overlap PCR mutagenesis and verified by sequencing.
Protein expression and purification
Recombinant protein was expressed in Rosetta (DE3) BL21 Esche-
richia coli (EMD Millipore). Transformed bacteria were grown in 1 l 
of terrific broth containing 25 μg/ml chloramphenicol and either 
100 μg/ml ampicillin (pET21 vectors) or 50 μg/ml kanamycin 
(pET28 vectors) at 37°C to an OD600 of 1.5, shifted to 16°C, and 
induced with 0.5 mM isopropyl β-d-1-thiogalactopyranoside for 
overnight expression, typically 18 h. Cells were harvested, and 
pellets were stored at −20°C. For hexahistidine-tagged proteins, 
cell pellets were thawed and resuspended in buffer containing 
25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
(HEPES), pH 7.8, 500 mM NaCl, 10% glycerol, and 5 mM β-
mercaptoethanol (β-Me; His lysis buffer) plus 5 mM imidazole and 
1× HALT protease inhibitors (Thermo-Pierce, Rockford, IL), lysed 
by sonication, and cleared by centrifugation at 43,000 × g for 
30 min at 4°C. Supernatant was applied to 1-ml bed volume of 
washed Talon beads (Clontech, Mountain View, CA) for 3 h, 
washed with His lysis buffer plus 20 mM imidazole, and exchanged 
bound form may be a larger assembly. In the first model, the Mff-
binding site is generated only when two Drp1 dimers form a tet-
ramer. The cross-like Drp1 dimers come together through appo-
sition of their stalk domains, forming a new surface that is now 
directly recognized by the N-terminal region of Mff. In the second 
model, the Mff-binding surface exists in the Drp1 dimer, but for-
mation of the Drp1 dimer:dimer complex is required for stability. 
In both cases, the functional result is that only the oligomerized 
form of Drp1 is recruited, whereas Drp1 dimers are left in the 
cytosol. Both models are consistent with the observation that the 
FIGURE 4: Drp1 mutants display loss of interaction with Mff in vitro. 
(A) GST pull-down assays for purified recombinant Drp1 variants 
against purified recombinant Mff61-GST or T7-GST. Coomassie-
stained bands of either the input protein (10% input lanes) or eluates 
from the pull downs (GST pull-down lanes) after separation by 
SDS–PAGE. The top row (lanes 5–12) depicts the Drp1 proteins pulled 
down by the GST fusion proteins in the bottom row. (B) SEC analyses 
of Mff61-GST with Drp1ΔIB and Drp1ΔIB mutants. For Drp1ΔIB and 
each mutant, two SEC runs were performed, one with Mff61-GST and 
one without it. Depicted are overlays of the UV absorbance profiles 
from the two separate runs. The brackets highlight the elution time 
during which the Drp1–Mff complex appears in the Drp1ΔIB (wild 
type) + Mff61-GST run. This complex is absent in runs with the Drp1 
mutants. The arrowhead highlights the reduction in Drp1 signal from 
the combined run relative to the original peak position in the 
Drp1ΔIB-alone runs (dotted). The corresponding signals in the mutant 
samples do not show a decrease.
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into buffer containing 20 mM HEPES, 
pH 7.5, 300 mM NaCl, 10% glycerol, 2 mM 
β-Me for overnight cleavage (typically 20 h) 
with 60 U of PreScission Protease (GE 
Healthcare, Piscataway, NJ). After cleav-
age, glutathione–Sepharose 4B beads (GE 
Healthcare) were added to remove the Pre-
Scission Protease and elutions were loaded 
onto a HiLoad Superdex 200 16/60 column 
(GE Healthcare) driven by an AKTA Purifier 
(GE Healthcare) and preequilibrated with 
buffer containing 20 mM HEPES, pH 7.5, 
300 mM NaCl, 5% glycerol, and 5 mM 
β-Me for SEC purification. Peak fractions 
were collected and concentrated in 
Amicon-Ultra 15 concentrators, 50 MWCO 
(EMD Millipore). Proteins were flash frozen 
and stored at −80°C. For Mff-GST proteins, 
lysis, coupling to glutathione–Sepharose 
beads, and washes were performed in buf-
fer containing 20 mM HEPES, pH 7.5, 
300 mM NaCl, 10% glycerol, and 5 mM β-
Me. GST fusion proteins were eluted with 
10 mM reduced glutathione (Sigma-
Aldrich, St. Louis, MO) in buffer containing 
20 mM HEPES, pH 7.5, 150 mM NaCl, 10% 
glycerol, and 5 mM β-Me, desalted with 
Zeba desalting columns, 7 MWCO (Life 
Technologies, Carlsbad, CA), preequili-
brated with buffer without glutathione, 
flash frozen, and stored at −80°C. For 
the Drp1–Mff comigration SEC assays, 
Mff(1-61)–GST was additionally purified by 
SEC as described, with peak fractions col-
lected and concentrated in Amicon Ultra 
15 concentrators, 30 MWCO, before freez-
ing and storage at −80°C.
Yeast two-hybrid assay
The Drp1 constructs in Figure 1E consist of 
the following truncations and fusions: FL, 
full-length Drp1, amino acids (aa) 1–699; 
ΔG, Drp1 minus the GTPase domain, aa 
309–667; ΔIB, Drp1 minus the insert B do-
main, aa 1–508 fused to 605–699 with a 
GGGSGGS linker; stalk, Drp1 minus the 
GTPase, BSE, and insert B domains, aa 329–
508 fused to 605–662 with a GGGSGGS 
linker; insert B domain, aa 493–605; and 
G + BSE domain, aa 1–328 fused to 674–
699 with a KHGTDSRV linker (Chappie 
et al., 2010). Mouse dynamin 2, Drp1 
FIGURE 5: Drp1 mutants lack fission activity and are not recruited to mitochondria. (A) Fission 
activity upon expression in Drp1-null MEFs. Wild-type MEFs, Drp1-null MEFs, and Drp1-null 
MEFs expressing wild-type Drp1, Drp1 mutant 10, Drp1 mutant 16, or mutant 17 were 
immunostained against Tom20 to visualize their mitochondrial morphology and scored into three 
categories: fragmented, short tubular, or elongated with swelled mitochondria. Quantitation was 
done in triplicate, with 100 cells scored per experiment. Error bars, SEM. (B) Analysis of Drp1 
recruitment to mitochondria. The cell lines indicated were briefly permeabilized with digitonin to 
clear cytosolic Drp1 before fixation. Mitochondria were fragmented in the process, but Drp1 
puncta remained on mitochondria for visualization by immunostaining with an antibody against 
Drp1 (Drp1, green). Mitochondria were visualized by immunostaining against the outer 
membrane protein Tom20 (Mito, red). Cells 
were imaged and images were processed 
under identical settings to properly assess 
changes in Drp1 levels from cell to cell. The 
Drp1 signal, mitochondrial signal, and 
merged signals are shown. Squares to the 
right are magnifications of the boxed region 
in the main image.
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by SDS–PAGE, followed by Coomassie staining. For target proteins, 
10% of the input amount is shown.
Cell lines and cell culture
All cell lines were cultured in DMEM containing 10% fetal bovine 
serum, 100 IU/ml streptomycin, and 100 μg/ml penicillin. Mff-null 
cell lines were previously published (Loson et al., 2013). Drp1-null 
cell lines were a generous gift from Katsuyoshi Mihara (Kyushu Uni-
versity, Fukuoka, Japan). Drp1-null cells lines stably expressing Drp1 
and Drp1 mutants were generated by retroviral transduction of 
pQCXIP (Clontech) vectors with Kozak-Drp1 cloned into the 
BamHI/EcoRI sites and maintained in 0.5 μg/ml puromycin.
To generate the LAMP1 constructs, the Kozak sequence and 
FLAG-tag-Strep-tagII was fused to the rat Lamp1 sequence to gen-
erate a Kozak-LAMP1-FLAG construct, which was then fused to the 
N-terminus of Mff, MiD51, and MiD49. LAMP1-FLAG-Mff isoform 
4 ΔTM (Δ272–291), LAMP1-FLAG-MiD51 (134–463), and LAMP1-
FLAG-MiD49 (124–454) were cloned into the XhoI/HpaI sites of pM-
SCVhyg (Clontech), retrovirally transduced into Drp1-null cell lines 
expressing Drp1 or Drp1 mutants, and maintained in 0.5 μg/ml 
 puromycin and 100 μg/ml hygromycin.
Immunofluorescence and imaging
For immunostaining, antibodies to Drp1 (mouse anti-Dlp1; BD Bio-
sciences, San Diego, CA), Tom20 (rabbit anti-Tom20; Santa Cruz 
Biotechnology, Santa Cruz, CA), and FLAG (rabbit anti-FLAG; 
Sigma-Aldrich) were used. Cells were grown in LabTek chambered 
isoform b, Drp1ΔIB 4A, Drp1 truncations and mutants in Figure 1E 
and Supplemental Table S1, and MiD51 (47–463), MffΔTM (Δ272–
291), MffΔCC (Δ235–291), and Mff truncations in Figure 1C were 
cloned (into either the pGAD-C1 or pGBDU-C1 vectors) and trans-
formed into PJ69-4α and PJ69-4a yeast strains, respectively. Trans-
formants were selected with leucine- and uracil-deficient plates, 
respectively, and haploid combinations for interaction testing were 
mated by spotting on yeast extract/peptone/dextrose plus ade-
nine plates. Diploids were selected by replica plating onto leucine- 
and uracil-deficient plates (labeled as +Adenine on the figures), 
and interactions were assayed after replica plating on leucine-, ura-
cil-, and adenine-deficient plates (labeled as –Adenine on the 
figures). Growth on adenine-deficient plates indicates a positive 
interaction, and interaction tests were performed at least three 
times. Mutants were generated by overlap PCR mutagenesis and 
verified by sequencing. Residues for the mutational screen were 
selected from the set of accessible surface area residues as deter-
mined by the Surface Residues function in PyMOL, using a solvent 
radius of 2.5 Å applied to the structure of Drp1 (Protein Data Bank 
file 4BEJ).
GST precipitation assays
Each GST-fusion and target protein pair was incubated with washed 
glutathione–Sepharose beads in buffer containing 20 mM HEPES, 
pH 7.5, 150 mM NaCl, 10% glycerol, 0.1% Triton X-100, 2 mM 
MgCl2, and 5 mM β-Me at room temperature for 1 h. The beads 
were washed twice with buffer, and the bound fraction was analyzed 
FIGURE 6: Drp1 mutants are recruited by MiD51 and MiD49 but not Mff. (A–D) FLAG-tagged Mff isoform 4, MiD51Δ, 
and MiD49 were targeted to lysosomes by fusion with LAMP1 in Drp1-null cells expressing wild-type (A) or mutant 
(B–D) Drp1. These cells were fixed and immunostained against Drp1 (green) and FLAG (red) for assessment of 
colocalization. The boxed regions are magnified.
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FIGURE 7: Drp1 oligomerization is required for binding to Mff. (A) Sedimentation analysis of Drp1 assembly. Purified 
recombinant full-length Drp1, mutants 10, 16, and 17, and the oligomerization mutant 4A were incubated with GTPγS in 
50 mM salt for 30 min. Assembled Drp1 was pelleted by sedimentation at 100,000 × g. Equivalent volumes of the 
supernatant (S) and pellet (P) were loaded and resolved by SDS–PAGE. Numbers below show the percentages in the 
supernatant and pellet, based on densitometry measurements. (B) SEC analysis of full-length Drp1 and mutants. Purified 
recombinant full-length Drp1, mutants 10, 16, and 17, and the oligomerization mutant 4A were analyzed by SEC under 
medium-salt conditions (100 mM NaCl) to assess their ability to form higher-order oligomers. Mutant 4A (red) is known 
to run as a dimer. Proteins eluting before this peak are considered to represent higher-order oligomers. (C) Analysis of 
the 4A mutant by the yeast two-hybrid assay. Drp1, Mff104, and MiD51 were expressed as BD fusion proteins and 
tested against Drp1, mutants 10, 16, and 17, and the oligomerization mutant 4A expressed as AD fusion proteins.  
(D) Analysis of the 4A mutant by GST pull down. Coomassie-stained bands of either the input protein (10% input lanes) 
or eluates from the pull downs (GST pull down, lanes 4–9) after separation by SDS–PAGE. The top row depicts the Drp1 
protein pulled down by the GST fusion proteins in the bottom row. (E) Analysis of the 4A mutant by SEC. Overlays from 
SEC runs of the 4A mutant with and without Mff61-GST. The brackets highlight the absence of a Drp1-Mff complex at 
the expected elution time (compare to Figure 4B). (F) Model of differential recruitment of Drp1 by Mff vs. MiD51 and 
MiD49. Drp1 exists in the cytosol as a pool of dimers (cross) and tetramers (two adjacent crosses). Whereas MiD51 and 
MiD49 (MiDs; left) can recruit Drp1 dimers, Mff (right) requires oligomerization of Drp1 dimers. The Drp1 recruited by 
MiD51 and MiD49 remains inactive unless additional cellular signals are triggered. For simplicity, Mff is depicted as 
recruiting tetramers, but it is possible that the recruited form of Drp1 is in a higher assembly state.
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glass slides (Nunc, Rochester, NY) for fixed-cell imaging. Cells were 
fixed in prewarmed 4% formaldehyde for 10 min at 37°C, permea-
bilized in 0.1% Triton X-100, and incubated with antibodies in 5% 
fetal calf serum, all in phosphate-buffered saline. For cytosol clear-
ing of soluble Drp1, cells were permeabilized with 0.005% digitonin 
in buffer containing 20 mM HEPES, pH 7.3, 110 mM potassium ac-
etate, 2 mM magnesium acetate, 0.5 mM ethylene glycol tetraacetic 
acid, 220 mM mannitol, 70 mM sucrose, and 2 mM fresh dithiothrei-
tol for 90 s at room temperature and then fixed and immunostained 
as described. Scoring of mitochondrial morphology was performed 
blind to genotype in triplicates of 100 cells. Imaging was performed 
with a Plan-Apochromat 63×/1.4 oil objective on a Zeiss LSM 710 
confocal microscope driven by Zen 2009 software (Carl Zeiss, Jena, 
Germany). Images were cropped, globally adjusted for contrast and 
brightness, and median filtered using ImageJ (National Institutes of 
Health, Bethesda, MD).
Size exclusion chromatography
For the analysis of Drp1–Mff complex formation, 80 μg of Drp1ΔIB/
mutants and 80 μg of Mff(1-61)–GST were incubated separately or 
together in 100 μl of 20 mM HEPES, pH 7.5, 150 mM NaCl, 10% 
glycerol, 2 mM MgCl2, and 5 mM β-Me for 1 h at room temperature, 
filtered through a 0.1-μm Durapore filter column (EMD Millipore), 
and loaded onto a Shodex KW804 column (Wyatt Technology, 
Goleta, CA) driven by a Varian HPLC (Varian, Palo Alto, CA) at 
0.5 ml/min. Fractions were collected manually at 1-min intervals. For 
analysis of oligomerization, 12.5 μM Drp1 was incubated in the fore-
going buffer at 100 mM NaCl before loading onto the column.
Pelleting assay
Drp1 or mutants at 15 μM were incubated in buffer containing 
20 mM HEPES, pH 7.5, 50 mM NaCl, 2 mM MgCl2, 5 mM β-Me, and 
1 mM GTPγS for 30 min at room temperature and then centrifuged 
at 100,000 × g with a TLA100.3 rotor in a Beckman Optima MAX 
Ultracentrifuge for 20 min at 22°C. Supernatants were removed, and 
the pellet was resuspended in an equal volume of buffer. Equal 
amounts of supernatant and pellets were analyzed by SDS–PAGE, 
followed by Coomassie staining.
Sequence alignments and analysis
Sequence alignments were performed with MultAlin (Corpet, 1988) 
and formatted with ESPript (Robert and Gouet, 2014). Disorder pre-
diction was performed with DisMeta (Huang et al., 2014).
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